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ABSTRACT 
 
Studies of pre-Grenvillian (1.4–1.3 Ga) plutons offer insight into the dynamics of arc 
amalgamation and backarc rifting prior to continental collision in the Ottawan orogeny. The 
Central Metasedimentary Belt boundary thrust zone (CMBbtz) is a northeast–southwest trending 
thrust zone consisting of metaplutonic thrust sheets enveloped in gneissic tectonites and calcitic–
dolomitic marbles. Tonalitic CMBbtz thrust sheets (Dysart and Redstone) are made up of upper 
amphibolite-facies, foliation-concordant metatonalites (+ amphibole ± biotite ± accessory zircon 
and titanite) and amphibolites (± biotite ± clinopyroxene), and are located in the southern 
Ontario Grenville Province. These thrust sheets are thought to have formed and amalgamated 
onto the Laurentian margin prior to Ottawan orogeny. Major and trace element analysis show the 
metatonalites have calc-alkaline affinity and amphibolites have both calc-alkaline and tholeiitic 
affinities suggesting a continental arc environment. Laser Ablation Inductively Coupled Plasma 
Mass Spectrometry (LA-ICP-MS) geochronology of zircon from the two thrust sheets yield 
igneous ages of ca. 1350–1300 Ma, Dysart amphibolites yield a 1086 Ma Ottawan metamorphic 
age, and Dysart tonalites record metamorphic zircon growth at ca. 1150–1100 Ma. This last 
metamorphic event has not been documented in the CMBbtz, but correlates well with thermal 
events in the allochthonous Parry Sound domain to the west, as do ca. 1350 Ma igneous ages of 
tonalities in both areas. These data support the hypothesis that the CMBbtz and Parry Sound 
domain may have been initially linked. Widespread ca. 1350 Ma crust along with distinct 1460–
1400 Ma TDM model ages is consistent with a shared genesis of the Dysart–Mount Holly suite in 
New York and Vermont, and support the correlation between the CMBbtz thrust sheets and the 
Adirondack Highlands–Mount Holly belt as a rifted continental arc.  
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INTRODUCTION 
Studies of ancient continental collisions offer insight into the evolution and architecture 
of modern-day mountain belts such as the Himalaya or Andes. In particular, the now-exhumed 
cores of ancient orogens facilitate the investigation of lower-crustal processes, as well as the pre-
orogenic histories of mountain belts. In southern Ontario, the Grenville Province consists of 
multiple terranes representing different arc environments that have been amalgamated at the 
Laurentian margin and metamorphosed. Detailed investigations of these terranes provide clues 
into the early tectonic history of the Grenville Province and sheds light on the lower crustal 
levels of modern-day convergent plate margins. 
This paper contributes new geochemical and geochronological data from tonalitic thrust 
sheets of Central Metasedimentary Belt boundary thrust zone (CMBbtz) in Ontario. These 
tonalites play an important role in tectonic models of the Grenville Province, and are thought to 
represent remnants of an early continental arc rifted by later extension (McEachern and van 
Breemen, 1993). In most models this rifted arc is called the ‘Dysart – Mt. Holly arc’ (e.g. 
Hanmer et al., 2000; Rivers and Corrigan, 2000; McLelland et al., 2010), and the CMBbtz 
tonalites are the western part of the rifted arc while tonalites in the Adirondack Highlands (New 
York) and the Green Mountains (Vermont) are the eastern part. However, there are few 
published constraints on the geochemistry of tonalite-dominated thrust sheets in the CMBbtz. 
Geochronology of these rocks is limited to two ID-TIMS determinations of zircon performed in 
the 1980s, one unpublished (1337 Ma; in Lumbers et al., 1990 and McNutt and Dickin, 2012) 
and one poorly constrained (1344+93/-32 Ma; van Breemen and Hanmer, 1986). The 
geochemical data used to correlate with tonalites in New York and Vermont is limited to a major 
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element average and select trace elements presented by Lumbers et al. (1990) and Ratcliffe et al. 
(1991).  
Our new data show that these thrust sheets are composed of ca. 1350–1300 Ma calc-
alkaline metatonalites and associated calc-alkaline and tholeiitic metabasites suggestive of origin 
in an arc setting. Metamorphic zircon record thermal events spanning 1150–1100 Ma, 
culminating with metamorphism at 1086 +13/-11 Ma, marking docking of the Central 
Metasedimentary Belt with the Laurentian Margin. 
GEOLOGIC HISTORY 
Orogenic History 
The Southern Grenville Province consists of a series of distinct terranes that were 
juxtaposed during closure of an ocean basin leading up to and during the ultimate collision 
between Laurentia and Amazonia (McLelland et al., 2010). From northwest to southeast in 
southern Ontario, pre-Grenville terranes (older than ~1200 Ma) are found within the Central 
Gneiss Belt (CGB), Central Metasedimentary Belt (CMB), and the Frontenac–Adirondack Belt. 
The CGB consists of ca. 1900–1450 Ma juvenile crust thought to have formed as part of an 
Andean-style arc on the Laurentian continental margin (Carr et al., 2000). Farther east and 
structurally higher, the CMB, which includes the Composite Arc Belt, consists of early (1370–
1350 Ma) and late (1280–1230 Ma) plutonic rocks indicative of Andean-style magmatism 
followed by back-arc development that was later emplaced via movement along the Central 
Metasedimentary Belt boundary thrust zone (CMBbtz; Lumbers et al., 1990; Carr et al., 2000; 
Hanmer et al., 2000). On the southeastern margin of the Grenville Province, the Frontenac–
Adirondack Belt includes the Mount Holly suite in Vermont (Adirondack Highlands–Mount 
Holly Belt) and may represent a rifted continuation of the CMB (McLelland et al., 2010; Fig. 1).  
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These terranes were formed and subsequently juxtaposed in a complex series of collisional 
events, which include events related to arc formation and amalgamation: the Elzevirian (ca. 
1245–1225 Ma) Shawinigan (ca. 1190–1140 Ma) orogenies and two “Grenvillian” events related 
to later continental collisional orogenic phases: the Ottawan  (ca. 1090–1020 Ma) and Rigolet 
(ca. 1000–980 Ma; Rivers, 2008; Easton and Kamo, 2011; McLelland et al., 2010). 
The Central Gneiss Belt 
The >1400 Ma pre-Grenville terranes of southern Ontario consist of the regions within 
the CGB between the Grenville Front to the northwest and the CMBbtz to the southeast (Carr et 
al., 2000). The CGB consists of ca. 1900–1450 Ma orthogneisses representative of the 
Laurentian craton margin that formed as a result of magmatism and metamorphism associated 
with a long-lived Andean-style continental margin (Carr et al., 2000). The terranes within the 
pre-Grenville CGB are characterized by upper amphibolite- to granulite-facies migmatitic 
orthogneiss (Carr et al., 2000) and contain 1450–1420 Ma plutons with later ca. 1170–1150 Ma 
retrogressed eclogites (Wodicka et al., 2000 and references therein) along the Laurentia–
Laurentian margin boundary (Allochthon boundary thrust; Culshaw et al., 1997; Timmerman et 
al., 1997). Early metamorphism within the CGB is dominated by 1090–1020 Ma Ottawan 
orogeny metamorphic fabrics found within terranes southeast of the allochthon boundary thrust, 
while those terranes northwest of the allochthon boundary thrust preserve 1005–980 Ma Rigolet 
orogeny metamorphic signatures (Rivers, 2008). In contrast, the allochthonous Parry Sound 
domain of the CGB contains >1400 Ma rocks along with younger plutonic rocks, and records ca. 
1160 Ma and 1120 Ma metamorphic events (van Breemen et al., 1986), causing some authors to 
correlate the Parry Sound domain with the CMBbtz (Culshaw et al., 1997; Wodicka et al., 1996).  
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CMB and its Link to the Adirondack–Mt. Holly Belt 
The CMB represents a series of allochthonous arcs that were subsequently emplaced onto 
Laurentia during the Shawinigan orogeny and later metamorphosed during the Grenville 
orogeny, and provides an important link between the pre-Grenvillian Laurentian margin and its 
offshore terranes. These juvenile arc terranes are characterized by abundant calcitic–dolomitic 
marbles, and can be divided into the following discrete domains from west to east: the CMBbtz 
(Hanmer and McEachern, 1992) and the Elzevir terrane which includes the Harvey-Cardiff, 
Belmont, Grimsthorpe, Mazinaw and Sharbot Lake domains (Easton, 1992; Carr et al., 2000; 
Fig. 1). The CMB is characterized by metasedimentary, metavolcanic, and plutonic rocks, the 
oldest being the ca. 1350–1300 Ma tonalites in the western CMB that are the focus of this study, 
followed by 1280–1220 Ma granitic to gabbroic plutons and 1090–1060 Ma late plutons across 
the central and eastern CMB (Lumbers et al., 1990; Carr et al., 2000;). Farther east, McLelland et 
al. (2010) include the Frontenac–Adirondack Lowlands Belt within the CMB based their 
supracrustal packages and the preservation of 1180–1160 Ma Shawinigan metamorphism and 
fabrics. Tonalitic and trondhjemitic 1400–1300 Ma plutons of the Adirondack Highlands and 
Mount Holly suite are geochemically correlative with other terranes along the pre-Grenvillian 
Laurentian margin as far west as the CMBbtz (Ratcliffe et al., 1991; McLelland et al., 2010), and 
suggest the possibility of a more spatially related genetic origin.  
The amalgamation of the various CMB terranes is recorded through Pre-Grenvillian 
orogenic events including the Elzevirian (ca. 1245–1225 Ma) orogeny involving the terranes and 
domains containing ca. 1270 Ma plutons and indicative of initial closure of the continental 
margin ocean basin and the Shawinigan (ca. 1190–1140 Ma) contractional orogeny during which 
the CMB and Frontenac–Adirondack Belt were accreted to the Laurentian margin (Rivers, 2008; 
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Easton and Kamo, 2011; Corfu and Easton, 1995; McLelland et al., 2010). While the orogenic 
episodes have been well preserved within the CMB, the ultimate origin of arc terranes of the 
CMB is disputed, and at least two end-member models exist for the formation of the CMB. Carr 
et al. (2000) suggest that parts of the CMB and the Frontenac–Adirondack Belt formed 
allochthonously with respect to the western Laurentian margin and were later amalgamated onto 
the Laurentian margin. In contrast, Hanmer et al. (2000) and McLelland et al. (2010) suggest the 
CMB and Adirondack Highlands–Mount Holly Belt represent elements of an Andean Laurentian 
margin with arc–back-arc basins prior to subsequent re-amalgamation with the Laurentian 
margin during the Shawinigan.  
CMBbtz and its Link to the Parry Sound domain 
Following arc amalgamation and juxtaposition of the CMB with the Laurentian margin, 
the CMB and CGB were further deformed during Grenvillian continental collisional orogenesis 
(e.g. McLelland et al., 2010). The extensively studied Grenvillian orogeny is characterized by 
two orogenic phases: the Ottawan (1090–1020 Ma; pertinent to this study) associated with a hot, 
thick long-duration orogen and the Rigolet (1000–980 Ma) associated with a rapidly cooled, 
lower temperature orogen showing overprinting fabrics in regions closer to the Grenville Front 
tectonic zone (Rivers, 2008). The Ottawan orogenic phase overprints earlier fabrics formed 
during the Elzevir and Shawinigan orogenies (Rivers, 2008), and is characterized by granulite-
grade metamorphism correlated with thrusting of far-travelled allochthonous terranes including 
the Parry Sound domain onto the Laurentian margin and into the CGB (Culshaw et al., 1997; 
Wodicka et al., 1996). Previously published geochronology from the Parry Sound domain 
indicate the presence of ca. 1430 Ma quartzites, 1400–1330 Ma tonalitic to granodioritic 
orthogneisses and anorthosites emplaced both at ca. 1350 Ma and ca. 1160 Ma, all of which were 
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overprinted by metamorphic events at 1160 and 1120 Ma and an Ottawan overprint at ca. 1080 
Ma (van Breemen et al., 1986; Wodicka et al., 1996; Culshaw et al., 1997). Together with 
numerical models of the collision between Laurentia and the Amazon craton during the 
Grenvillian orogeny (e.g., Jamieson et al., 2007), this geochronology suggests a genetic link 
between the Parry Sound domain and the CMBbtz (e.g. van Breemen et al., 1986; Wodicka et al., 
1996). 
Because the CMBbtz marks the tectonic boundary between 1900–1450 Ma gneisses of 
the CGB to the west and the <1350 Ma CMB to the east, it is central to our understanding of the 
construction and evolution of the Laurentian margin at this time. In detail, the CMBbtz consists 
of series of coherent plutonic thrust sheets enveloped in carbonate-rich tectonites; here we follow 
Hanmer and McEachern (1992), who define the Redstone, Dysart and Glamorgan as individual 
thrust sheets within the 30-km wide CMBbtz. The westernmost thrust sheet, the Redstone sheet, 
is characterized by coarse-grained biotite–hornblende tonalitic orthogneiss with rare, relic 
strongly pleochroic metamorphic orthopyroxene (Hanmer, 1988). The Redstone thrust sheet is 
the only thrust sheet within the CMBbtz surrounded by orthogneiss tectonites (Hanmer, 1988), 
leading some authors (e.g. Lumbers et al., 1990) to place the Redstone within the easternmost 
domains of the CGB corresponding to the Laurentian margin. Structurally higher and farther 
east, the Dysart thrust sheet consists of tonalitic orthogneiss with foliation-parallel amphibolite 
sheets (Hanmer, 1988) is surrounded by marble tectonic mélange. Lumbers et al. (1990) 
categorized the Dysart thrust sheet as an early (ca. 1350 Ma) low-Al2O3 type trondhjemite suite 
with hornblende as its major mafic component and with some metamorphic clinopyroxene, 
formed at the expense of hornblende. The Dysart trondhjemites are juxtaposed with the 
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Glamorgan trondhjemites of the adjacent Glamorgan thrust sheet, which are younger (1280–1270 
Ma) and geochemically different (high-Al2O3 type; Lumbers et al., 1990).  
RESULTS 
Field relationships and petrography 
Field relationships within the Redstone and Dysart thrust sheets were examined along 
road cuts northwest of Haliburton, Ontario (Fig. 2). The Redstone thrust sheet exhibits variably 
strained zones of foliation-concordant tonalites and amphibolites, which are all intruded by late 
granitic dikes with large K-feldspars. Tonalites (+ amphibole ± biotite ± relict clinopyroxene ± 
accessory zircon and titanite) and amphibolites (± biotite ± relict clinopyroxene) show clear 
biotite and amphibole-defined foliation. Locally, these samples display relict clinopyroxene 
breaking down to amphibole and annealing fabrics suggestive of a prolonged high-temperature 
environment following transitional granulite- to upper amphibolite-facies metamorphism.  
The Dysart thrust sheet outcrops are predominately composed of medium-grained 
biotite–amphibole tonalitic orthogneisses intercalated with foliation-concordant coarse-grained 
granites and amphibolite layers up to 1 m thick. Intricate contact relationships preserved in low-
strain zones between concordant granodiorite and amphibolite characterized by coarse amphibole 
crystals on contact margins (Fig. 3). Tonalites (+amphibole ± biotite ± accessory opaques, 
zircon, and titanite) display biotite and amphibole-defined foliation, while foliation in the 
amphibolites (± clinopyroxene) is defined by amphibole and shows locally developed amphibole 
rims on relict clinopyroxene. Late, granitic dikes with large K-feldspars (e.g. sample KA11), 
with large (up to 30 cm) biotite laths cover up to 20% of outcrops and crosscut foliation in the 
tonalitic and amphibolitic orthogneiss.  
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Geochemistry 
Twenty rock samples from seven well-characterized localities were selected for major 
element analysis. In addition, eleven selected samples from the Dysart and Redstone thrust sheet 
were selected for trace and rare earth element (REE) analysis. Major element and trace element 
data were collected via XRF and ICP-MS, respectively, by SGS Mineral Services in Toronto, 
ON (see http://www.geochem.sgs.com for details). Whole rock geochemistry and trace element 
tables are provided in the appendix (Table DR1, DR2). 
The Redstone tonalites and amphibolites display linear calc-alkaline trends on AFM 
diagrams (Fig. 4D). The Redstone tonalite suite, consisting of 61–67% SiO2 and 3.6–5.5 
Na2O/K2O ratios, contains of quartz diorites, diorites as plotted on a QAP diagram and tonalites 
as plotted on a normative Ab-An-Or diagram (Fig. 4B, 4C). The Redstone amphibolites are 
slightly more variable than the tonalites and have 46–47% SiO2 and Na2O/K2O ratios of 1.5, 5.8, 
and 6.8 (samples KA21, KA28, and KA19 respectively). The Redstone suite plots predominately 
as a medium-K calc-alkaline series (Fig. 4A). The Redstone diorite (KA25) exhibits a negatively 
sloping chondrite-normalized REE profile and plots in the volcanic arc granite field on granitic 
discrimination diagrams (Fig. 5C, 6A). The Redstone amphibolite (KA28) has a relatively flat 
chondrite-normalized REE profile and plots in the MORB field on basaltic discrimination 
diagrams (Fig. 5D, 6B).  
In comparison to the Redstone thrust sheet, the Dysart thrust sheet displays more variable 
geochemistry with tonalite suite analyses forming a sub-linear trend spread throughout the calc-
alkaline field on an AFM diagram (Fig. 4D). Dysart tonalite suite samples consist of 
predominantly tonalites with some granodiorites and a diorite (Fig. 4C) and also plot in the 
tonalitic, trondhjemitic, and granodioritic fields on an Ab-An-Or diagram (Fig. 4B). These 
samples contain 66–72% SiO2 and have 1.3–5.1, 11.7, and 12.4 Na2O/K2O ratios, while the 
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Dysart amphibolites have 44–50% SiO2, 3.2–4.4, and 6.3 Na2O/K2O ratios. Large ion lithophile 
element (LILE) concentrations are also variable within the Dysart tonalites (Fig. 5A), although 
high field strength element (HFSE) concentrations are more uniform and all samples plot 
consistently in the syn-collisional and volcanic arc granitic field based on discriminate diagrams 
(Fig. 6A). Chondrite-normalized REE plots display both profiles with steep heavy rare earth 
element (HREE) slopes lacking an Eu anomaly and flat HREE slopes with subtly negative Eu 
anomalies. In contrast to Dysart tonalites, the coarse-grained granodiorite (KA5) does not match 
the trends within the rest of the suite, as it is Fe and Mg poor, depleted in HFSE, and has a strong 
positive Eu anomaly. These characteristics do not fit well within the Dysart suite and suggest this 
sample may have been derived from a different magma source.  
There are two distinct types of Dysart amphibolites: those that have primitive 
compositions on an AFM diagram and those with more evolved tholeiitic compositions (Fig. 
4D). Even in our limited dataset, these amphibolite types display an array of trace element 
signatures. Tholeiitic sample KA2 displays a flat, enriched rare earth element trend and plots in 
the MORB field on basaltic discrimination diagrams (Fig. 5D, 6B). The other tholeiitic sample, 
KA31, also displays a flat, enriched rare earth element trend relative to chondrite, but plots in the 
calc-alkaline field on basaltic discrimination diagrams (Fig. 5D, 6B). Sample KA38 plots near 
the calc-alkaline–tholeiitic division on an AFM diagram, displays a flat, relatively less enriched 
REE trend, and plots in the MORB field on basaltic discrimination diagrams (Fig. 4D, 5D, 6B). 
Sample KA9 displays a steep negative rare earth element pattern that is relatively enriched in 
light rare earth element (LREE) and depleted in HREE, TiO2 and Y with respect to the other 
Dysart amphibolites and plots in the calc-alkaline field on basaltic discrimination diagrams (Fig. 
5D, 6B).  
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Figure 5. Trace element geochemistry diagrams. MORB-normalized spider diagram using normalizing 
values after Pearce (1983) for tonalites and granodiorites (A) and amphibolites (B). Chondrite-normalized 
REE diagram using normalizing values after Taylor and McLennan (1985) for tonalites and granodiorites (C) 
and amphibolites (D).
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Figure 6. (A) Ta-Yb granite discrimination diagram with divisions and elds after Pearce et al. (1984). 
Red eld for sample KA25 indicates the sample has <0.5 ppm Ta and 0.8 ppm Yb and falls within 
the region indicated by the arrows and red eld. Shapes and colors are the same as gure 4. WPG, 
within-plate granites; ORG, ocean-ridge granites; VAG, volcanic-arc granites; syn-COLG, 
syn-collisional granites. (B) Ti-Zr-Y basalt discrimination diagram with divisions and elds after 
Pearce and Cann (1973). WPB, within-plate basalts; IAT, island-arc tholeiites; MORB, mid-ocean 
ridge basalts; CAB, calc-alkali basalts.
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Zircon Geochronology 
Zircons from five samples from the Dysart thrust sheet and one from the Redstone thrust 
sheet were analyzed for U–Pb isotopes to place constraints on the timing of plutonism and 
metamorphism within the CMBbtz. Approximately 40 zircons from magnetic and non-magnetic 
splits of each sample were picked and mounted in epoxy, and imaged using 
cathodoluminescence (CL) to observe chemical zoning and determine core–rim morphologies 
within individual zircon grains. U–Pb isotopes were analyzed at the University of California, 
Santa Barbara using Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-
MS) with 15 and 20-µm spots following Kylander-Clark, et al. (submitted). Raw unknown 
analyses were corrected according to analyses of external zircon standard 91500 (accepted age of 
1065 Ma, Wiedenbeck, et al., 1995) measured every fifth unknown; 64 analyses of secondary 
zircon standard GJ1 (accepted age of 608.5 Ma, Jackson, et al., 2004) measured throughout all 
analysis sessions and using the same correction curve yield a 207Pb/206Pb weighted average age of 
604.7 ± 6.7 Ma (95% conf.). Reported ages on unknowns are 207Pb/206Pb ages determined by 
applying the TuffZirc algorithm of Ludwig (2003) to concordant analyses. U–Pb isotope values 
for all unknown analyses are listed in the appendix (Table DR3). 
Non-magnetic zircons separated from Redstone diorite KA25 are up to 300 µm in 
diameter, clear, prismatic and euhedral. Small opaque inclusions within the Redstone zircons are 
present and may be the cause for the magnetic zircon fraction. Well-preserved oscillatory zoning 
is seen in all zircon cores, while metamorphic rims <20-µm thick on <15% of the zircons are 
poorly developed. Isotopic analyses from the Redstone zircons yield a group of 20 concordant 
analyses with low U–Th ratios (Fig. 7A) and give an igneous 1327 +14/-16 Ma age (96% conf.). 
Seven nearly concordant younger analyses range from 1267–1238 Ma, although these younger  
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Figure 7. Concordia diagrams for zircon samples. (A) KA25 (Redstone) shows clusters of young ages 
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TuffZirc algorithm of Ludwig (2003).
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analyses do not display any apparent spatial relationship with respect to the core–rim 
morphology observed in CL. 
Dysart granodiorite sample KA4 contains large 175–300 µm diameter pink and amber 
euhedral zircons. Imaged using CL, the zircons have well-preserved oscillatory zoning and thin 
(<25 µm thick) U-rich metamorphic rims. Isotopic analyses for sample KA4 yield a group of 19 
concordant analyses (Fig. 7D) from zircon cores with low U–Th ratios giving an igneous age of 
1343 +15/-14 Ma (94% conf.). Five nearly concordant younger analyses with relatively high U–
Th ratios from grain rims and cores yield ages from 1300–1100 Ma and are suggestive of a 
younger thermal event. Dysart tonalite KA30 and diorite KA37 exhibited smaller 175 and 125-
µm diameter, respectively, amber, subhedral zircons. The magnetic fraction of both samples are 
more fractured, include more inclusions, exhibit relict oscillatory zoning, and have thin rims up 
to 20-µm thick. Non-magnetic fraction zircons display homogenously dark rims up to 30-µm 
thick with mottled cores that display relict oscillatory zoning in CL. U–Pb analyses were made 
on cores and rims from both magnetic and non-magnetic fractions. Although the high-U 
concentration of these samples have resulted in significant Pb-loss, tonalite KA30 zircons yield a 
group of 13 lower intercept concordant analyses (Fig. 7B) giving an age of 1131 +15/-16 Ma 
(98% conf.). Diorite KA37 has six concordant analyses giving 207Pb/206Pb ages at 1313 +21/-26 
Ma (97% conf.) and show a cluster of 5 near concordant analyses giving 1150–1100 Ma 
metamorphic ages (Fig. 7C). 
Zircons and zircon fragments recovered from the Dysart late coarse-grained granodiorite 
KA5 are up to 300-µm in diameter, pink, euhedral and partially fragmented by the mineral 
separation process. In CL, zircon fragments exhibit sector zoning with predominantly U-rich and 
some U-poor zones. Zircons display up to 50-µm in diameter cores and homogenously dark rims 
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up to 100 µm. Isotopic analyses from KA5 zircons yield a group of 27 concordant (Fig. 7E) 
analyses giving an age of 1112 +14/-13 Ma (95% conf.). 
Zircons separated from Dysart tholeiitic amphibolite KA31 are pink to amber in color 
and <125 µm in diameter. CL images display well-developed sector zoning in thick U-rich rims 
that overgrow rarely preserved rounded ~30-µm U-poor cores with straight or oscillatory zoning. 
Analyses from grain cores yield older ages up to 1300 Ma suggestive of an inherited or igneous 
component, while ages from 27 concordant grain rims (Fig. 7F) yield a metamorphic age of 1086 
+13/-11 Ma (95% conf.). 
DISCUSSION 
Evolution of the CMBbtz thrust sheets  
The Redstone and Dysart thrust sheet tonalites display calc-alkaline trends and give 
igneous ages of 1327 +14/-16 Ma (KA25, Redstone diorite), 1343 +15/-14 Ma (KA4, Dysart 
granodiorite), and 1313 +21/-26 Ma (KA37, Dysart diorite; Fig. 4D, 7) that are within range of 
each other and are similar to previous age estimates for CMBbtz tonalites (van Breemen and 
Hanmer, 1986; Lumbers, et al., 1990). The Redstone and Dysart thrust sheet granodiorite–diorite 
samples plot within the syn-collisional and volcanic arc granite field on granitic discrimination 
diagrams utilizing fluid-immobile trace elements and have steep negative REE profiles (Fig. 5C, 
6A). This suggests a subduction setting on the Laurentian margin for the formation of the 
Redstone and Dysart thrust sheets. Redstone diorite sample KA25, and the Dysart granodiorite 
and tonalite samples (KA4 and KA10) are depleted in HREE, which suggest garnet was stable in 
the residue during the generation of tonalite melts. In contrast, Dysart tonalite and diorite 
samples, KA30 & 37, have flat HREE profiles suggesting that garnet was not present during 
tonalite magma formation. These data indicate the presence of a variety of geochemically distinct 
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magmatic source regions and initially variable magma compositions that are suggestive of an 
evolving continental arc-type setting. Furthermore, the Dysart primitive amphibolite (KA9) 
displays a steeply negative REE profile similar to some HREE-depleted tonalites, and plots 
within calc-alkaline basalt fields on discrimination diagrams, and suggests that at least some of 
the Redstone–Dysart amphibolites are of arc affinity.  
While the Redstone and Dysart thrust sheets display calc-alkaline trends for tonalitic and 
amphibolitic samples suggesting arc affinity, there is also evidence of tholeiitic amphibolites in 
both thrust sheets. Although the timing of most mafic bodies within the Dysart is uncertain due 
to sometimes ambiguous cross-cutting relationships, the tholeiitic amphibolites suggest mid-
ocean ridge basalt (MORB) affinity based on flat chondrite-normalized REE patterns and 
discrimination diagrams plotting these samples within the MORB field, while zircon inheritance 
suggests a preserved ca. 1300 Ma igneous age (Fig. 5D, 6B, 7). Some samples have ambiguous 
trace element compositions. For example, both samples KA31 and KA2 have flat, enriched REE 
profiles and plot outside of the tectonic setting fields on a Ti vs. Zr diagram, perhaps indicating a 
cumulate component in these samples (Fig. 5B, 5D). Also, amphibolite samples KA28 
(Redstone) and KA38 (Dysart) both plot on the calc-alkaline–tholeiitic division on an AFM 
diagram, exhibit flat, chondrite-normalized REE profiles, and plot in the MORB field on basaltic 
discrimination diagrams, which may be suggestive of a more primitive tholeiitic composition 
(Fig. 4D, 5D, 6B). Therefore, variability exists within the Redstone and Dysart suites and this 
study observes three populations of amphibolites found within the arc: REE enriched tholeiitic 
rocks, primitive tholeiites with flat REE profiles, and calc-alkaline rocks with steep REE profiles 
(Fig. 5, 6).  
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Following igneous emplacement of arc rocks in the CMBbtz, the Redstone and Dysart 
thrust sheets experienced subsequent intrusive events and metamorphism during Shawinigan and 
Ottawan orogeny. The timing of accretion of the Composite Arc Belt to the Central Gneiss Belt 
is controversial, as there is evidence for two deformation events in the CMBbtz at ca. 1190 and 
1080–1060 Ma (McEachern and van Breemen, 1993). The 1080–1060 Ma event is interpreted to 
be the most pervasive deformation, and CGB rocks structurally below the CMBbtz only record 
the 1080 Ma metamorphism, which is interpreted by Timmermann et al. (1997) as representing 
docking of the Composite Arc Belt. The 1150–1100 Ma metamorphic U–Pb ages determined 
here from the Dysart tonalite zircon rims were thus unexpected for the CMBbtz. The age of these 
metamorphic rims bracket the age of zircons with metamorphic textures in REE-depleted Dysart 
granodiorite KA5, 1112 +14/-13 Ma. This latter age provides a minimum age for the mingling 
texture observed between the granodiorite and adjacent amphibolites, and also suggests a 
metamorphic event heretofore unrecognized in the CMBbtz. Interestingly, ca. 1120 Ma 
metamorphic ages have been reported from the Parry Sound allochthon, an area that has been 
linked to the CMBbtz in tectonic reconstructions (Culshaw et al., 1997). Metamorphic zircon 
rims from Dysart amphibolite sample KA31 record the final stages of CMBbtz collisional 
orogenesis at 1086 +13/-11 Ma. Ca. 1080 Ma metamorphic ages have been observed in 
amphibolites and orthogneisses throughout the variety of domains of CGB, and is interpreted as 
the age of accretion and thrusting of the CMB onto the CGB during the Ottawan orogenic phase 
(Timmerman et al., 1997; Rivers, 2008). 
Regional correlations of the CMBbtz  
Our new data are consistent of the correlation of CMBbtz tonalite thrust sheets with the 
1400–1300 Ma calc-alkaline trondhjemites and tonalites of the Adirondack Highlands–Mount 
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Holly Belt (McLelland et al., 2010; Ratcliffe et al., 1991; Lumbers et al., 1990). Geochemically, 
the Dysart and Redstone tonalites are similar with respect to major and trace elements, with 
similar high Na2O (3.82–6.32%) and low K2O (0.37–2.93%), and only Al2O3 of the Dysart sheet 
(13.7–19.6%, probably reflecting differences in late crystallization history) falling outside of the 
fields of Adirondack and Green Mountain tonalites. The correlation between Redstone tonalites 
and the Mount Holly Complex in Vermont are especially good: they are coincident on AFM 
diagrams (Fig. 4D) and have similarly high-Al2O3, low-Yb, and LREE-enriched rocks. Published 
Nd model mantle extraction ages show the contrast between the CGB terranes (~1500 Ma TDM 
model age; Muskoka domain), the CMB terranes (~1280 Ma TDM model ages), and the strongly 
correlated TDM model ages (ca. 1460–1400 Ma) between the Redstone, Dysart, and Adirondack 
suites (Daly and McLelland, 1991; Moretton and Dickin, in press). All of these new data support 
the tectonic model of the ~1350–1300 Ma Dysart-Mt. Holly arc, later rifted and now separated 
by the CMB and Frontenac-Adirondack Lowlands Belt (e.g. McLelland et al., 2010).  
Based on geochronology and geochemistry in the southern parts of the allochthonous 
Parry Sound domain, a correlation has been proposed with the CMBbtz (Wodicka et al., 1996.) 
Our new data support this correlation. The Parry Sound domain contains ca. 1314 Ma tonalitic 
gneisses and 1400–1330 Ma granitic to tonalitic gneisses, which overlap the 1343 and 1327 Ma 
ages of granodioritic to tonalitic gneisses found within the thrust sheets of the CMBbtz in this 
study. Parry Sound domain zircons have recorded amphibolite-facies metamorphic events at ca. 
1160 and 1120 Ma. The 1120 Ma age, which is equivalent to the metamorphic age from the 
Dysart granodiorite and recorded in metamorphic rims on tonalite zircons, is an unusual 
metamorphic age for the southwestern Grenville Province. The Ottawan metamorphic overprint 
at ca. 1080 Ma observed within the Parry Sound domain and throughout the CGB (Carr et al., 
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2000) correlates with the 1086 Ma metamorphic age found within Dysart amphibolite. In 
addition to geochronological data, new major and trace element data for mafic samples from the 
Parry Sound also appear to correlate well with the amphibolites from the Redstone and Dysart 
thrust sheets (Marsh et al., 2012). These similar igneous and metamorphic histories and 
geochemistry support a link between the CMBbtz and the Parry Sound domain and suggests an 
early pre-Ottawan deformation (ca. 1120 Ma) possibly associated with thrust emplacement of the 
Parry Sound domain above the CGB followed by subsequent early Grenvillian deformation at ca. 
1080 Ma (Dysart coarse-grained granodiorite KA5; Tuccillo et al., 1992; Wodicka et al., 1996; 
van Breemen et al., 1986).  
CONCLUSIONS 
New geochemistry and zircon geochronology data for the Dysart and Redstone tonalitic 
thrust sheets of the Central Metasedimentary Belt boundary thrust zone in southern Ontario 
indicate that:  
(i) 1343 Ma and 1330–1300 Ma tonalitic–dioritic plutonism formed the major 
rock type within the Dysart and Redstone thrust sheets,  
(ii) the Dysart and Redstone tonalites–diorites and the Redstone amphibolite are 
calc-alkaline with geochemical affinity to a continental arc environment,  
(iii) the Dysart amphibolites are of both calc-alkaline and tholeiitic affinities,  
(iv) late 1112 Ma granodioritic and amphibolitic intrusions are found within the 
Dysart thrust sheet, and ca. 1150–1100 Ma metamorphic ages in Dysart and 
Redstone tonalites correlate well with Parry Sound thermal events. 
(v) the Dysart amphibolites record a 1086 Ma Ottawan metamorphic age.  
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The calc-alkaline geochemical trends and geochemical volcanic arc affinity suggest a continental 
arc origin for the thrust sheets within the Central Metasedimentary Belt boundary thrust zone. 
Also, widespread ca. 1350 Ma crust in association with volcanism along with distinct 1460–1400 
Ma TDM model ages is consistent with a shared genesis with Dysart–Mount Holly suite plutons. 
These interpretations support the correlation between the Dysart+Redstone and the Adirondack 
Highlands–Mount Holly belt as a rifted continental arc (e.g. McLelland et al., 2010). 
The allochthonous Parry Sound domain of the CGB, which contains 1400–1300 Ma 
orthogneisses, gives similar 1160–1120 Ma metamorphic pulse ages and similar REE trends 
found in the CMBbtz samples, and is thought to be closely related to the CMBbtz and the eastern 
CMB (van Breemen et al., 1986; Culshaw et al., 1997). This suggests the Parry Sound domain 
and the 1350 Ma thrust sheets of the CMBbtz may have been initially linked and both 
experienced early pre-Ottawan deformation.  
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APPENDIX  
Table DR1. Whole rock geochemistry data for samples from the Dysart and Redstone thrust 
sheets.  
Table DR2. Trace element geochemistry data.  
Table DR3. U–Pb isotopic data for zircons. 
Figure DR1. CL images with LA-ICP-MS spots for Dysart granodiorite KA4.  
Figure DR2. CL images with LA-ICP-MS spots for Dysart granodiorite KA5.  
Figure DR3. CL images with LA-ICP-MS spots for Redstone diorite KA25.  
Figure DR4. CL images with LA-ICP-MS spots for Dysart tonalite KA30.  
Figure DR5. CL images with LA-ICP-MS spots for Dysart amphibolite KA31.  
Figure DR6. CL images with LA-ICP-MS spots for Dysart diorite KA37. 
Table DR 1: Whole rock geochemistrya for the Dysart and Redstone thrust sheets, Southern Ontario, Grenville Province. 
 
Dysart thrust sheet: 
             KA2 KA4 KA5 KA9 KA10 KA11B KA30 KA31 KA35 KA36 KA37 KA38 
SiO2 47.90 67.40 69.10 50.20 66.40 71.30 72.40 47.30 71.40 46.00 67.80 45.40 
Al2O3 12.20 14.30 18.50 14.30 15.80 14.20 14.00 12.30 13.70 16.10 14.90 15.6 
Fe2O3 18.10 4.29 0.56 10.00 4.78 1.70 3.60 20.60 3.57 13.40 5.20 13.30 
MgO 4.38 1.83 0.22 8.34 1.98 0.29 0.96 4.28 0.95 7.71 1.44 8.24 
CaO 8.95 3.83 3.63 11.60 5.11 0.66 3.80 8.00 3.73 10.50 4.94 10.50 
Na2O 3.14 3.82 5.54 3.24 4.34 2.68 4.58 3.12 4.59 3.56 4.60 3.33 
K2O 0.89 2.93 1.79 0.70 1.44 6.93 0.39 0.46 0.37 1.04 0.91 0.90 
TiO2 3.04 0.27 0.02 0.50 0.35 0.16 0.41 3.51 0.41 1.39 0.48 1.36 
P2O5 0.32 0.14 < 0.01 0.24 0.19 0.02 0.08 0.72 0.08 0.10 0.17 0.11 
MnO 0.28 0.07 0.01 0.26 0.08 0.01 0.04 0.32 0.04 0.20 0.06 0.19 
Cr2O3 < 0.01 0.01 < 0.01 0.04 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.03 < 0.01 0.02 
LOI 0.87 0.75 0.97 1.13 0.74 0.56 0.63 0.51 1.25 1.16 0.46 1.20 
SUM 100.1 99.7 100.4 100.6 101.2 98.5 100.9 101.2 100.1 101.2 101.0 100.2 
             Latitude 
(N) 
45° 
4.039' 
45° 
4.039' 
45° 
4.039' 
45° 
4.101' 
45° 
4.101' 
45° 
4.101' 
45° 
5.737' 
45° 
5.737' 
45° 
7.074' 
45° 
7.074' 
45° 
6.385' 
45° 
6.385' 
Longitude 
(W) 
78° 
32.241' 
78° 
32.241' 
78° 
32.241' 
78° 
29.481' 
78° 
29.481' 
78° 
29.481' 
78° 
35.653' 
78° 
35.653' 
78° 
31.517' 
78° 
31.517' 
78° 
33.039' 
78° 
33.039' 
 
 
 
 
 
 
 
 
 
 
            
Redstone thrust sheet: 
             KA18 KA19 KA20 KA21 KA23 KA25 KA26 KA28 
    SiO2 65.0 47.10 66.50 47.40 67.20 62.60 61.40 46.10 
    Al2O3 18.80 15.40 17.80 16.10 19.20 19.60 20.00 17.40 
    Fe2O3 3.14 12.90 2.36 13.10 1.08 3.52 3.79 12.40 
    MgO 1.10 8.72 1.20 8.00 0.38 1.41 1.63 8.27 
    CaO 4.50 10.90 3.86 8.21 4.01 4.84 5.37 9.87 
    Na2O 5.77 2.72 5.66 3.27 6.17 6.32 6.31 3.59 
    K2O 1.24 0.40 1.55 2.13 1.42 1.15 1.15 0.62 
    TiO2 0.40 1.30 0.28 1.25 0.11 0.42 0.49 1.24 
    P2O5 0.12 0.16 0.11 0.14 0.05 0.14 0.17 0.17 
    MnO 0.04 0.20 0.04 0.31 < 0.01 0.04 0.05 0.18 
    Cr2O3 < 0.01 0.06 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.02 
    LOI 0.61 1.34 1.02 1.15 0.53 0.64 0.63 1.00 
    SUM 100.7 101.2 100.5 101.2 100.2 100.7 101.0 101.0 
    
             Latitude 
(N) 
45° 
9621' 
45° 
9621' 
45° 
9621' 
45° 
9621' 
45° 
10.521' 
45° 
10.521' 
45° 
10.521' 
45° 
10.521' 
    Longitude 
(W) 
78° 
34.229' 
78° 
34.229' 
78° 
34.229' 
78° 
34.229' 
78° 
35.922' 
78° 
35.922' 
78° 
35.922' 
78° 
35.922' 
    
              
 
a Major element analyses are reliable above the detection limit (0.01 wt%).  All oxide values are given in wt%.  Samples were 
analyzed using X-ray fluorescence (XRF76C) of glass disks at SGS Mineral Services Geochemical Laboratory in Toronto (see 
http://www.geochem.sgs.com for details).  
 
  
Table DR 2: Trace element geochemistry1 for the Dysart and Redstone thrust sheets, Southern Ontario, Grenville Province 
 
  
Dysart               Redstone 
  Detection2 KA2 KA4 KA5 KA9 KA10 KA30 KA31 KA37 KA38 KA25 KA28 
Ag 1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Ce 0.1 27.5 76.5 18.0 49.3 60.0 37.0 49.1 44.5 16.3 23.9 15.4 
Co 0.5 65.1 57.2 66.1 49.6 58.8 41.0 60.0 41.8 65.8 34.0 68.7 
Cs 0.1 <0.1 0.8 0.3 <0.1 0.5 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 
Cu 5 112 31 10 21 23 <5 51 15 91 <5 102 
Dy 0.05 9.31 2.00 0.42 2.11 2.31 4.19 16.80 5.78 4.20 1.64 4.39 
Er 0.05 6.00 0.86 0.27 0.90 1.26 2.95 10.40 3.77 2.59 0.78 2.75 
Eu 0.05 2.41 1.30 1.01 1.46 1.50 0.75 3.89 1.34 1.23 0.70 1.39 
Ga 1 26 18 21 16 20 15 27 18 20 23 21 
Gd 0.05 8.78 3.90 0.49 3.58 3.68 3.53 15.80 5.12 4.20 1.95 4.11 
Hf 1 5 3 <1 2 3 3 11 3 2 4 2 
Ho 0.05 2.02 0.33 0.07 0.36 0.42 0.90 3.58 1.27 0.93 0.30 0.92 
La 0.1 9.1 37.4 12.8 23.9 29.1 19.3 20.0 20.5 7.8 11.2 6.6 
Lu 0.05 0.70 0.14 <0.05 0.12 0.18 0.38 1.59 0.50 0.41 0.10 0.36 
Mo 2 <2 <2 2 <2 <2 3 2 3 4 <2 <2 
Nb 1 4 11 2 3 14 6 11 7 2 2 3 
Nd 0.1 23.4 32.8 5.8 27.5 28.4 17.4 42.5 25.5 12.2 12.7 11.9 
Ni 5 18 <5 <5 84 5 6 18 30 112 10 97 
Pr 0.05 4.53 8.87 1.74 6.93 7.43 4.49 8.52 6.22 2.59 3.12 2.43 
Rb 0.2 5.9 77.9 15.3 3.9 40.6 1.9 3.2 4.7 11.2 5.9 5.0 
Sm 0.1 6.9 5.1 0.7 5.2 5.4 3.5 12.9 6.0 3.3 2.5 3.2 
Sn 1 <1 <1 <1 2 1 <1 4 1 2 <1 <1 
Ta 0.5 0.6 1.3 0.8 <0.5 1.4 1.1 1.1 0.9 <0.5 <0.5 <0.5 
Tb 0.05 1.47 0.44 0.08 0.45 0.46 0.6 2.80 0.86 0.71 0.24 0.74 
Th 0.1 1.0 6.9 5.1 2.2 7.0 3.4 1.7 1.7 0.5 0.2 0.5 
Tl 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Tm 0.05 0.79 0.14 <0.05 0.13 0.16 0.40 1.56 0.46 0.41 0.07 0.37 
U 0.05 0.72 0.88 0.96 0.74 1.07 0.78 0.96 0.72 0.53 0.09 0.11 
V 5 523 100 <5 235 138 46 276 60 274 64 254 
W 1 236 585 841 173 565 582 307 651 157 433 182 
Y 0.5 56.2 10.8 2.8 10.0 13.3 24.8 96.4 31.7 24.6 8.5 25.2 
Yb 0.1 5.1 1.0 0.2 0.8 1.2 2.9 10.1 3.5 2.4 0.8 2.5 
Zr 0.5 187.0 135.0 30.2 59.0 129.0 107.0 408.0 114.0 68.1 168.0 82.7 
          
  
  Latitude 
(N) 
 
45° 
4.039' 
45° 
4.039' 
45° 
4.039' 
45° 
4.101' 
45° 
4.101' 
45° 
5.737' 
45° 
5.737' 
45° 
6.385' 
45° 
6.385' 
45° 
10.521' 
45° 
10.521' 
Longitude 
(W)   
78° 
32.241' 
78° 
32.241' 
78° 
32.241' 
78° 
29.481' 
78° 
29.481' 
78° 
35.653' 
78° 
35.653' 
78° 
33.039' 
78° 
33.039' 
78° 
35.922' 
78° 
35.922' 
 
  
1 All trace element values are given in ppm. Samples analyzed using ICP-MS (IMS95A) after lithium metaborate fusion at SGS 
Mineral Services Geochemical Laboratory in Toronto (see http://www.geochem.sgs.com for details). 
2 Trace element analyses are reliable above the detection limits listed in ppm.   
 
 
Table DR 3: zircon U–Pb isotope data from individual spot analyses. 
KA25: 1327.1 +4.1/-8.6 [+13.9/-15.8] Ma, 95.9% conf., n=20a 
45°10.521’N lat., 78°35.922’W long. 
 
Trace elements      Isotope ratiosb, c     Ages (Ma)d, e     
Analysis U Th U/Th 238U ± 207Pb ± 206Pb ± 207Pb ± 
No. (ppm) (ppm)  206Pb 2σc 206Pb 2σc 238U 2σ 206Pb 2σ 
1 f 52 13 3.9 4.350 0.079 0.0847 0.0008 1333 22 1308 19 
2 53 35 1.5 4.780 0.085 0.0821 0.0009 1224 20 1248 21 
3 45 23 1.9 5.173 0.104 0.0763 0.0009 1141 21 1103 23 
4 127 49 2.8 4.401 0.108 0.0844 0.0006 1322 30 1302 13 
6f 106 24 5.1 4.316 0.097 0.0856 0.0007 1342 27 1329 15 
7 f 122 16 8.1 4.354 0.091 0.0851 0.0005 1332 25 1319 12 
8 f 56 20 2.9 4.388 0.077 0.0854 0.0009 1323 21 1324 19 
9 f 32 13 2.5 4.462 0.117 0.0847 0.0010 1302 31 1309 23 
10 f 51 22 2.4 4.371 0.101 0.0848 0.0008 1327 28 1310 19 
11 f 168 92 1.8 4.359 0.078 0.0857 0.0005 1330 21 1331 11 
12 f 151 12 12.8 4.266 0.076 0.0855 0.0005 1357 22 1326 10 
13 85 41 2.3 4.177 0.099 0.0859 0.0006 1382 30 1335 14 
14 f 81 34 2.4 4.354 0.083 0.0852 0.0007 1335 24 1321 15 
15 31 20 1.6 5.263 0.152 0.0787 0.0011 1120 30 1165 28 
16 70 29 2.5 4.638 0.090 0.0800 0.0006 1258 22 1196 15 
17 38 15 2.8 4.572 0.107 0.0854 0.0008 1277 27 1325 18 
18 65 40 1.7 4.539 0.087 0.0828 0.0007 1283 22 1265 17 
19 66 22 3.1 4.335 0.077 0.0844 0.0006 1338 21 1301 13 
20 f 86 57 1.5 4.259 0.085 0.0854 0.0005 1362 25 1326 12 
21 62 25 2.4 4.662 0.104 0.0824 0.0008 1252 26 1255 18 
22 64 31 2.1 4.686 0.101 0.0823 0.0007 1246 24 1252 16 
23 f 30 17 1.9 4.331 0.099 0.0862 0.0011 1338 28 1343 25 
24 68 37 1.8 4.335 0.094 0.0865 0.0007 1337 26 1348 15 
25 f 47 31 1.5 4.301 0.087 0.0856 0.0009 1350 25 1328 19 
26 83 34 2.4 4.537 0.099 0.0817 0.0007 1283 25 1238 17 
27 59 6 5.6 4.172 0.092 0.0849 0.0007 1391 29 1314 15 
28 234 141 1.6 4.261 0.122 0.0864 0.0004 1357 35 1347 9 
29 54 28 1.9 4.303 0.096 0.0868 0.0009 1346 27 1355 21 
30 86 39 2.2 4.744 0.092 0.0823 0.0007 1232 22 1252 17 
31 f 54 19 2.9 4.312 0.087 0.0851 0.0008 1344 25 1317 17 
32 f 106 60 1.7 4.286 0.079 0.0857 0.0005 1351 22 1331 12 
33 f 32 13 2.8 4.354 0.100 0.0860 0.0010 1332 28 1338 22 
34 f 63 31 2.1 4.476 0.084 0.0849 0.0006 1299 22 1312 14 
35 112 43 2.6 4.636 0.084 0.0829 0.0005 1258 21 1267 12 
36 f 81 50 1.6 4.440 0.075 0.0858 0.0007 1311 21 1333 15 
37 f 85 32 2.6 4.284 0.084 0.0858 0.0005 1352 24 1334 12 
38 f 64 27 2.4 4.318 0.086 0.0863 0.0008 1342 24 1345 17 
39 150 20 7.3 4.490 0.087 0.0841 0.0005 1298 23 1296 12 
40 f 92 35 2.7 4.388 0.096 0.0857 0.0005 1326 26 1331 11 
            
KA30: 1131.0 +9.5/-11.6 [+14.8/-16.2] Ma, 97.8% conf., n=13 a 
45°5.737’N lat., 78°35.653’W long. 
 
Trace elements  
 
  Isotope ratiosb, c 
  
Ages (Ma)d, e 
  Analysis U Th U/Th 238U ± 207Pb ± 206Pb ± 207Pb ± 
No. (ppm) (ppm)  206Pb 2σc 206Pb 2σc 238U 2σ 206Pb 2σ 
1 276 125 2.2 5.435 0.151 0.0774 0.0009 1093 27 1130 22 
2 f 1708 185 9.2 5.225 0.109 0.0774 0.0008 1136 20 1131 20 
3 1500 806 1.8 4.214 0.091 0.0874 0.0009 1372 27 1370 20 
4 f 1155 97 11.8 5.233 0.104 0.0769 0.0008 1127 21 1118 20 
5 387 102 3.8 5.727 0.108 0.0786 0.0008 1037 18 1161 21 
8 f 1733 235 7.3 5.198 0.103 0.0775 0.0008 1134 21 1133 20 
10 2203 226 10.3 5.322 0.170 0.0812 0.0009 1109 32 1226 21 
11 1526 752 2.0 5.274 0.142 0.0818 0.0008 1119 27 1240 20 
13 635 93 7.1 4.921 0.085 0.0822 0.0009 1195 18 1251 21 
16 341 138 2.4 5.491 0.087 0.0766 0.0008 1078 16 1109 21 
17 966 370 2.6 4.507 0.087 0.0856 0.0009 1291 23 1329 20 
18 255 117 2.2 5.618 0.085 0.0779 0.0008 1055 15 1145 22 
21 1254 158 7.8 5.741 0.112 0.0767 0.0008 1035 19 1113 20 
22 479 465 1.0 5.479 0.060 0.0766 0.0008 1081 11 1109 21 
24 f 1200 75 16.3 5.200 0.084 0.0769 0.0008 1133 17 1119 20 
26 f 1364 167 8.0 5.141 0.116 0.0768 0.0008 1149 25 1116 21 
27 490 16 35.7 4.861 0.078 0.0813 0.0009 1205 17 1229 21 
28 f 989 188 5.1 5.266 0.069 0.0772 0.0008 1120 14 1125 20 
30 594 36 16.6 4.924 0.073 0.0795 0.0008 1191 16 1186 20 
31 993 280 3.5 5.160 0.114 0.0862 0.0009 1142 23 1342 20 
32 f 1686 202 8.2 5.118 0.079 0.0778 0.0008 1150 16 1140 20 
33 1089 290 3.8 4.031 0.063 0.0865 0.0009 1428 20 1350 20 
34 f 1019 46 22.3 5.271 0.086 0.0772 0.0008 1122 16 1125 20 
35 1895 460 4.1 6.180 0.103 0.0832 0.0009 966 15 1274 20 
36 f 1012 114 9.0 5.173 0.078 0.0773 0.0008 1139 16 1128 21 
37 1721 303 7.2 5.074 0.098 0.0825 0.0009 1159 21 1258 20 
38 f 1745 179 9.4 5.058 0.077 0.0781 0.0008 1162 16 1150 20 
39 1089 500 2.1 5.187 0.108 0.0825 0.0009 1136 22 1258 20 
40 f 1626 255 6.2 5.214 0.092 0.0775 0.0008 1131 18 1135 20 
41 1134 111 10.5 5.797 0.101 0.0768 0.0008 1026 16 1116 20 
42 1360 690 1.9 4.490 0.115 0.0867 0.0009 1295 30 1353 20 
44 f 1655 193 8.3 5.086 0.091 0.0777 0.0008 1157 19 1140 20 
45 f 1747 153 11.2 5.171 0.091 0.0780 0.0008 1139 19 1147 20 
            	   	  
KA37: 1313.2 +16.2/-22.1 [+20.7/-25.6] Ma, 96.9% conf., n=6 a 
45°6.385’N lat., 78°33.039’W long. 
 
Trace elements  
 
  Isotope ratiosb, c 
  
Ages (Ma)d, e 
  Analysis U Th U/Th 238U ± 207Pb ± 206Pb ± 207Pb ± 
No. (ppm) (ppm) 
 
206Pb 2σc 206Pb 2σc 238U 2σ 206Pb 2σ 
2 f 1608 698 2.2 4.333 0.086 0.0856 0.0009 1338 24 1329 20 
3 191 11 19.6 5.325 0.102 0.0762 0.0009 1109 20 1100 24 
5 1916 554 3.4 4.608 0.113 0.0861 0.0009 1270 29 1340 20 
6 186 16 11.9 4.950 0.091 0.0782 0.0009 1185 20 1152 22 
7 341 29 11.7 5.373 0.092 0.0783 0.0008 1099 17 1155 21 
8 1265 525 2.4 4.570 0.086 0.0829 0.0008 1275 22 1268 20 
10 f 1241 638 2.0 4.444 0.075 0.0853 0.0009 1308 20 1323 20 
11 218 2 4.0 5.356 0.112 0.0758 0.0009 1103 21 1088 24 
14 1501 331 4.6 4.710 0.120 0.0856 0.0009 1240 29 1329 21 
15 315 42 7.6 5.402 0.096 0.0756 0.0008 1094 18 1085 22 
17 157 677 0.2 5.391 0.099 0.0812 0.0009 1096 18 1225 22 
18 f 1241 390 3.2 4.570 0.134 0.0845 0.0009 1275 34 1303 20 
19 1335 442 3.1 4.757 0.104 0.0844 0.0009 1229 25 1302 20 
20 296 25 12.3 5.200 0.108 0.0773 0.0009 1133 22 1130 22 
22 1187 245 5.2 4.943 0.117 0.0833 0.0009 1187 26 1277 21 
23 f 970 292 3.4 4.488 0.107 0.0839 0.0009 1296 28 1291 20 
24 f 1213 598 2.0 4.423 0.096 0.0854 0.0009 1313 26 1325 20 
27 1432 375 3.9 4.537 0.101 0.0837 0.0009 1283 26 1285 20 
28 90 461 0.2 5.316 0.105 0.0854 0.0011 1111 20 1324 24 
30 f 795 552 1.4 4.502 0.140 0.0843 0.0009 1292 36 1300 21 
31 199 288 0.7 5.476 0.078 0.0788 0.0009 1081 14 1168 22 
            	   	  
KA4: 1343.6 +5.6/-4.7 [+14.6/-14.2] Ma, 93.6% conf., n=19 a 
45°4.039’N lat., 78°33.436’W long. 
 
Trace elements  
 
  Isotope ratiosb, c 
  
Ages (Ma)d, e 
  Analysis U Th U/Th 238U ± 207Pb ± 206Pb ± 207Pb ± 
No. (ppm) (ppm) 
 
206Pb 2σc 206Pb 2σc 238U 2σ 206Pb 2σ 
1 124 46 2.7 4.281 0.024 0.0852 0.0008 1353 7 1319 18 
2 64 25 2.7 4.264 0.031 0.0846 0.0008 1359 9 1307 19 
3 f 1430 705 2.0 4.277 0.022 0.0866 0.0007 1354 6 1352 15 
4 f 139 48 3.0 4.252 0.022 0.0871 0.0008 1362 6 1362 18 
5 f 180 110 1.7 4.254 0.025 0.0862 0.0007 1361 7 1342 17 
6 f 101 40 2.6 4.252 0.024 0.0857 0.0008 1362 7 1331 17 
7 240 119 2.2 4.348 0.034 0.0862 0.0007 1334 9 1344 16 
8 261 108 2.5 4.207 0.023 0.0863 0.0007 1375 7 1346 16 
9 f 305 170 1.8 4.292 0.026 0.0868 0.0007 1350 7 1355 16 
10 f 272 134 2.0 4.279 0.027 0.0862 0.0007 1354 8 1342 16 
12 f 306 168 1.8 4.239 0.025 0.0864 0.0007 1365 7 1346 16 
13 f 167 81 2.0 4.299 0.031 0.0860 0.0008 1348 9 1339 17 
14 f 212 78 2.7 4.292 0.037 0.0865 0.0008 1350 10 1349 17 
15 2111 1204 1.7 4.250 0.023 0.0885 0.0007 1362 7 1394 15 
16 f 278 100 2.7 4.275 0.027 0.0865 0.0007 1355 8 1349 16 
18 f 331 133 2.4 4.338 0.028 0.0869 0.0007 1337 8 1358 16 
19 823 313 2.5 4.263 0.027 0.0911 0.0008 1358 8 1449 16 
20 144 79 1.8 4.170 0.035 0.0864 0.0008 1385 11 1347 17 
21 f 358 137 2.5 4.301 0.028 0.0863 0.0007 1347 8 1344 16 
22 980 129 7.3 4.970 0.030 0.0798 0.0006 1182 7 1191 15 
23 244 125 1.9 4.431 0.037 0.0861 0.0008 1312 10 1341 17 
24 2260 209 10.6 5.048 0.038 0.0857 0.0007 1165 8 1332 15 
25 530 292 1.8 4.660 0.033 0.0876 0.0007 1253 8 1374 15 
26 f 119 69 1.7 4.357 0.034 0.0858 0.0008 1333 10 1333 18 
27 f 250 142 1.7 4.312 0.030 0.0861 0.0007 1344 8 1341 16 
28 f 65 28 2.3 4.286 0.037 0.0860 0.0008 1351 10 1339 19 
29 267 107 2.5 4.209 0.034 0.0858 0.0007 1374 10 1333 17 
30 151 58 2.5 4.515 0.041 0.0843 0.0008 1290 10 1299 17 
31 481 262 1.8 4.963 0.037 0.0863 0.0007 1183 8 1345 15 
32 217 109 2.0 4.195 0.035 0.0864 0.0007 1379 10 1346 16 
33 f 167 64 2.6 4.322 0.032 0.0854 0.0008 1342 9 1324 17 
34 509 387 1.3 4.419 0.029 0.0865 0.0007 1315 8 1350 15 
35 f 115 50 2.3 4.401 0.029 0.0853 0.0008 1320 8 1322 19 
36 216 95 2.4 4.348 0.028 0.0851 0.0007 1334 8 1318 16 
37 739 1 160.0 4.890 0.036 0.0797 0.0006 1199 8 1188 16 
38 83 32 2.5 4.640 0.039 0.0841 0.0008 1258 10 1296 19 
39 2608 90 29.6 5.397 0.032 0.0768 0.0006 1097 6 1115 15 
40 f 244 196 1.2 4.371 0.034 0.0863 0.0007 1328 9 1344 16 
            KA5: 1111.8 +8.6/-6.0 [+14.1/-12.6] Ma, 95% conf., n=27 a 
45°4.039’N lat., 78°33.436’W long. 
 
Trace elements  
 
  Isotope ratiosb, c 
  
Ages (Ma)d, e 
  Analysis U Th U/Th 238U ± 207Pb ± 206Pb ± 207Pb ± 
No. (ppm) (ppm) 
 
206Pb 2σc 206Pb 2σc 238U 2σ 206Pb 2σ 
1 1754 70 24.6 5.491 0.033 0.0757 0.0009 1078 6 1088 25 
2 f 439 217 2.0 5.258 0.027 0.0764 0.0010 1122 5 1105 25 
3 f 835 335 2.4 5.322 0.028 0.0768 0.0010 1110 6 1117 25 
4 f 681 308 2.1 5.379 0.032 0.0773 0.0010 1099 6 1128 25 
5 1123 417 2.6 6.046 0.121 0.0769 0.0009 986 18 1119 25 
6 1727 86 20.6 5.516 0.033 0.0758 0.0009 1074 6 1089 24 
7 f 634 280 2.2 5.274 0.033 0.0770 0.0010 1119 7 1120 25 
8 f 922 337 2.6 5.342 0.029 0.0767 0.0009 1106 6 1113 25 
9 f 889 334 2.6 5.394 0.035 0.0768 0.0010 1096 7 1116 25 
10 f 1987 13 187.0 5.313 0.031 0.0775 0.0009 1112 6 1134 24 
11 f 939 311 2.9 5.339 0.034 0.0769 0.0009 1107 7 1119 24 
12 f 243 113 2.1 5.397 0.032 0.0764 0.0010 1096 6 1107 26 
13 f 2337 169 13.4 5.271 0.033 0.0772 0.0009 1120 7 1125 24 
15 3980 548 7.0 5.319 0.048 0.0780 0.0009 1110 9 1148 24 
17 6100 1247 4.7 5.391 0.049 0.0792 0.0010 1097 9 1177 24 
18 f 1708 693 2.4 5.263 0.030 0.0773 0.0009 1122 6 1128 24 
19 f 2175 151 13.6 5.277 0.031 0.0773 0.0009 1119 6 1129 24 
20 f 950 500 1.8 5.313 0.034 0.0766 0.0009 1112 7 1112 25 
21 f 469 182 2.5 5.405 0.035 0.0754 0.0010 1094 7 1080 25 
22 f 451 98 4.5 5.373 0.035 0.0754 0.0010 1100 6 1080 25 
23 f 602 142 4.1 5.379 0.035 0.0757 0.0010 1099 7 1087 26 
24 f 907 181 4.8 5.322 0.037 0.0757 0.0009 1110 7 1088 25 
25 f 1533 460 3.2 5.258 0.033 0.0765 0.0009 1122 7 1107 24 
26 3810 390 9.5 5.225 0.041 0.0779 0.0009 1129 8 1144 24 
27 2600 165 15.5 5.195 0.113 0.0794 0.0010 1134 23 1183 24 
28 f 804 253 3.0 5.244 0.036 0.0764 0.0010 1125 7 1106 25 
29 f 438 352 1.2 5.311 0.037 0.0759 0.0010 1112 7 1092 26 
30 4800 479 9.7 8.584 0.501 0.0752 0.0010 711 39 1074 26 
31 224 120 1.9 5.656 0.064 0.0765 0.0010 1050 11 1109 27 
32 f 1955 798 2.3 5.285 0.036 0.0765 0.0009 1117 7 1108 24 
33 2792 728 3.7 5.845 0.065 0.0771 0.0009 1018 10 1125 24 
34 f 1185 527 2.1 5.241 0.038 0.0764 0.0009 1126 7 1106 24 
35 608 135 4.4 5.168 0.043 0.0759 0.0010 1140 9 1093 25 
36 f 1872 828 2.2 5.266 0.033 0.0762 0.0009 1121 6 1099 24 
37 f 2164 133 15.6 5.252 0.033 0.0771 0.0009 1123 6 1124 24 
38 f 2210 809 2.6 5.258 0.041 0.0773 0.0009 1122 8 1129 24 
39 1829 85 20.2 4.876 0.036 0.0800 0.0010 1203 8 1196 24 
40 f 1871 603 2.9 5.244 0.036 0.0770 0.0009 1125 7 1122 24 
41 f 905 278 3.1 5.211 0.038 0.0761 0.0009 1132 8 1098 25 
            	   	  
KA31: 1086.6 +7.6/-1.9 [+13.4/-11.0] Ma, 95% conf., n=27 a 
45°5.737’N lat., 78°35.653’W long. 
 
Trace elements  
 
  Isotope ratiosb, c 
  
Ages (Ma)d, e 
  Analysis U Th U/Th 238U ± 207Pb ± 206Pb ± 207Pb ± 
No. (ppm) (ppm) 
 
206Pb 2σc 206Pb 2σc 238U 2σ 206Pb 2σ 
1 f 641 111 5.7 5.464 0.039 0.0756 0.0008 1084 7 1083 21 
2 f 567 204 2.7 5.565 0.040 0.0751 0.0008 1065 7 1071 21 
3 f 386 113 3.3 5.356 0.037 0.0768 0.0008 1104 7 1116 21 
4 f 405 111 3.6 5.394 0.041 0.0763 0.0008 1096 8 1102 21 
5 f 407 140 2.8 5.362 0.037 0.0762 0.0008 1102 7 1101 21 
6 f 504 113 4.5 5.456 0.039 0.0757 0.0008 1085 7 1087 21 
7 f 330 112 2.9 5.426 0.041 0.0762 0.0008 1091 8 1100 21 
8 f 430 145 3.0 5.571 0.037 0.0750 0.0008 1064 6 1069 21 
9 542 93 5.9 5.035 0.033 0.0797 0.0008 1168 7 1190 20 
10 442 35 44.0 5.233 0.041 0.0773 0.0008 1127 8 1128 21 
11 f 403 106 3.8 5.420 0.041 0.0758 0.0008 1091 8 1090 21 
12 202 87 2.3 4.494 0.036 0.0849 0.0009 1295 9 1313 21 
13 f 443 165 2.7 5.411 0.041 0.0762 0.0008 1094 8 1100 21 
14 f 546 92 6.0 5.464 0.039 0.0758 0.0008 1083 7 1089 21 
15 f 299 94 3.2 5.432 0.047 0.0760 0.0008 1089 9 1094 21 
16 f 339 38 10.8 5.414 0.041 0.0760 0.0008 1093 7 1096 22 
17 746 151 4.9 4.924 0.046 0.0796 0.0008 1192 10 1188 20 
18 f 538 162 3.4 5.501 0.042 0.0760 0.0008 1077 8 1096 21 
19.1 411 80 5.1 4.778 0.057 0.0787 0.0009 1225 13 1164 22 
19.2 587 12 58.0 5.319 0.045 0.0777 0.0008 1110 9 1138 22 
20 f 543 119 4.6 5.498 0.036 0.0756 0.0008 1077 6 1085 21 
21 320 19 23.8 5.110 0.039 0.0788 0.0009 1152 8 1167 23 
22 365 99 3.8 5.233 0.038 0.0775 0.0008 1128 8 1133 21 
23 621 69 9.4 5.131 0.037 0.0790 0.0008 1148 8 1172 20 
24 651 141 4.9 5.035 0.035 0.0799 0.0008 1168 7 1195 20 
25 f 287 63 4.7 5.382 0.041 0.0762 0.0008 1098 8 1100 22 
26 f 391 39 10.3 5.414 0.044 0.0757 0.0008 1093 8 1088 21 
27 f 466 99 4.8 5.470 0.048 0.0749 0.0008 1082 9 1066 21 
28 378 111 3.5 4.810 0.039 0.0802 0.0009 1217 9 1201 21 
29 f 619 217 3.0 5.485 0.042 0.0756 0.0008 1079 8 1085 21 
30 942 153 6.3 5.040 0.038 0.0792 0.0008 1166 8 1178 20 
31 f 448 18 27.1 5.376 0.040 0.0757 0.0008 1099 8 1087 21 
32 f 711 236 3.0 5.405 0.041 0.0754 0.0008 1094 7 1079 21 
33 511 76 9.7 5.013 0.048 0.0780 0.0008 1173 10 1147 21 
34 f 691 216 3.1 5.371 0.040 0.0754 0.0008 1101 8 1078 21 
35 f 677 210 3.0 5.426 0.044 0.0756 0.0008 1090 8 1085 22 
36 f 1056 242 3.9 5.385 0.046 0.0757 0.0008 1098 9 1087 21 
37 1433 334 3.6 5.540 0.049 0.0741 0.0008 1069 9 1045 21 
38 f 862 16 29.0 5.402 0.044 0.0757 0.0008 1094 8 1086 21 
39 f 1216 257 3.9 5.495 0.042 0.0744 0.0008 1078 7 1051 22 
40 f 1173 337 2.9 5.414 0.041 0.0755 0.0008 1094 8 1082 21 
41 967 218 3.7 5.181 0.046 0.0772 0.0008 1137 9 1127 21 
a Reported ages are calculated using the TuffZirc algorithm of Ludwig (2003) on 207Pb/206Pb ages of concordant spot analyses. Age 
errors without brackets are analytic errors only calculated by the TuffZirc algorithm and reported at the indicated confidence level; 
age errors with brackets include analytic errors on the weighted average added in quadrature with 1% (2σ) systematic errors 
observed within daily operations at the UCSB dual-ICP lab; n refers to the number of analyses used in the weighted average. 
b All isotope ratios and ages are corrected using the Iolite U–Pb data reduction software (Patton et al., 2010) and 91500 as an external 
zircon standard. Radiogenic 204Pb was below the detection limit the instrument and ratios are not 204Pb corrected. 
c Absolute isotope ratio errors are internal analytical errors only and do not include systematic errors. 
d 238U/206Pb ages and absolute errors were calculated using the Iolite U–Pb data reduction software (Patton et al., 2010) with 238U 
decay constant of 1.55125x 10-10. Errors are analytical only and do not include systematic errors. 
e 207Pb/206Pb ages and absolute age errors were calculated from Iolite 207Pb/206Pb values using Isoplot (Ludwig, 2003) with U decay 
constants and composition as follows: 235U = 9.8485 x 10-10, 238U = 1.55125 x 10-10, 238U/235U = 137.88. Errors are analytical only 
and do not include systematic errors. 
f Concordant analyses identified by the TuffZirc algorithm of Ludwig (2003) used to calculate the reported 207Pb/206Pb sample age and 
errors. 
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Agustsson, et al., Fig. DR1: KA4 CL images
200 µm
Figure DR1: CL images and LA-ICP-MS analysis locations for sample KA4. Spot size is 20 µm in 
diameter; -t indicates that ion multipliers collected Pb tripped during the analysis and no age was 
recovered.
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Agustsson, et al., Fig. DRX KA5CL imagesAgustsson, et al., Fig. DR2: KA5CL images
Figure DR2: CL images and LA-ICP-MS analysis locations 
for sample KA5. Spot size is 15 µm in diameter -t 
indicates that ion multipliers collected Pb tripped 
during the analysis and no age was recovered.
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Agustsson, et al, Fig. DR3: KA25 CL images
200 µm
Figure DR3: CL images and LA-ICP-MS analysis locations for 
sample KA25. Spot size is 15 µm in diameter; -na indicates that no 
age was recovered due to non-zircon analysis.
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Agustsson, et al., Fig. DR4: KA30 CL images
200 µm
Figure DR4: CL images and LA-ICP-MS analysis locations for sample KA30. Spot size is 15 µm in diameter; 
-t indicates that ion multipliers collected Pb tripped during the analysis and no age was recovered.
Agustsson, et al., Fig. DR5: KA31 CL images
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Figure DR5: CL images and 
LA-ICP-MS analysis locations for 
sample KA31. Spot size is 20 µm in 
diameter -t indicates that ion 
multipliers collected Pb tripped 
during the analysis and no age 
was recovered. Analysis 19.1 and 
19.2 indicate that the analysis 
displayed two distinct age zones 
in the Iolite software.
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Agustsson, et al., Fig. DR6: KA37 CL images
200 µm
Figure DR6: CL images and LA-ICP-MS analysis locations for sample KA37. Spot size is 15 µm in diameter; 
-t indicates that ion multipliers collected Pb tripped during the analysis and no age was recovered.
